To elucidate the beneficial effects of follicular fluid (FF) added to maturation medium on nuclear maturation and postfertilization development of bovine oocytes in vitro, we attempted to separate largely bovine FF (bFF) collected from small follicles into heparin-binding and -nonbinding fractions (HBF and HNF, respectively) by heparin affinity chromatography. Each fraction was dialyzed (molecular weight cut off 1,000 Da) and lyophilized, then dissolved in a half original bFF volume of modified synthetic oviduct fluid (mSOF). Experiment 1: Cumulus-oocyte-complexes (COCs) were matured in mSOF in the presence or absence (control) of whole bFF (wFF), HBF or HNF at a concentration of 10% (v/v). After in vitro fertilization, oocytes were freed from COCs and then cultured in mSOF with fetal calf serum until Day 8. Nuclear maturation rates were not different among wFF, HBF, HNF and control (69.8, 75.6, 63.6 and 72.9%, respectively). However, HBF favored postfertilization development, especially to the blastocyst stage (27.2%) compared with the control (19.0%), whereas HNF showed inhibitory effects, although wFF had no effect. Experiment 2: To determine whether the effects of HBF and HNF would become more evident by high-dose supplementation, HBF or HNF was added to in vitro maturation (IVM) medium at concentrations of 10,20 or 40% (v/v). HBF at all concentrations examined resulted in significantly higher (p<0.05) cleavage rates (80.5-86.2%) and blastocyst yield (31.1-44.2%) than the control(cleavage: 70.1%, blastocyst: 22.4%), whereas high dosages of HNF ( 20%) markedly inhibited embryonic development. These results indicated that heparin-binding fraction of bFF when added to the IVM medium was highly effective for enhancement of developmental competence of bovine oocytes in vitro.
I
n in vitro maturation (IVM), fertilization (IVF), and culture (IVC) of bovine oocytes, the capacity of oocytes for fertilization and postfertilization development is influenced markedly by IVM conditions [1, 2] . Mammalian oocytes can spontaneously undergo germinal vesicle breakdown and subsequent formation of metaphase II plate in vitro [3] . However, fertilization and subsequent development of bovine oocytes to the preimplantation stages following IVM are generally less successful than those of oocytes matured in vivo [4, 5] .
Follicular fluid (FF) is an environmental factor in which oocytes are nourished and undergo maturation in vivo. The effects of addition of FF to maturation media on developmental competence of bovine oocytes after IVF have been investigated [6] [7] [8] [9] . However there have been discrepancies in reports on the effects of FF on oocyte maturation including developmental competence; some studies indicated that the presence of FF during IVM favored embryonic development of oocytes after IVF [6] [7] [8] , whereas others reported inhibitory effects [9] of FF on oocyte maturation. If the factor(s) in FF favorable to developmental competence of oocytes can be determined and isolated, they might be useful to improve the IVM system.
FF contains a variety of peptide growth factors [10] [11] [12] [13] [14] [15] [16] , some of which have been suggested to play a key role in the ability of the oocytes to undergo nuclear and cytoplasmic maturation (reviewed in [16] ). Heparin affinity chromatography has been widely used for purification of peptide growth factors from biological fluid and conditioned media of cultured cells [17] because growth factors are generally classified into heparin -binding andnonbinding groups [18] . Therefore, in the present s t u d y , w e a d o p t e d h e p a r i n a f f i n i t y chromatography to obtain positive fractions for developmental competence of oocytes from bovine FF (bFF). After separating bFF into heparin-binding fractions and others by heparin affinity column chromatography, we examined the effects of these fractions during IVM on the development of bovine oocytes to the blastocyst stage after IVF.
Materials and Methods

Culture media
The basic maturation medium was synthetic oviduct fluid (SOF) used by Tervit et al. [19] for culture of sheep and cattle embryos with minor modifications (mSOF). It consisted of SOF, 2% (v/ v) BME amino acids solution (B-6766; Sigma Chemical Co., St. Louis, MO, USA), 1% (v/v) MEM non-essential amino acid solution (M-7145; Sigma), 0.5 mg/ml polyvinylalcohol (PVA; P-8136; Sigma) in place of BSA, 1 µg/ml estradiol-17 β (E2; E-1253; Sigma) and 100 IU/ml human chorionic gonadotropin (hCG; Sankyo Co., Tokyo, Japan).
The medium used for spermatozoa washing was modified Tyrode's balanced salt solution (BO, [20] ) supplemented with 10 mM caffeine sodium benzoate (C-4144; Sigma) and 20 µg/ml heparin (H-3393; Sigma)(BO-1). The medium used for sperm preincubation and fertilization of oocytes was a 50:50 (v/v) mixture of BO-1 and BO supplemented with 20 mg/ml BSA(A-7638; Sigma) (BO-2). Glucose was not added to BO, since glucose was reported to delay capacitation of bovine sperm [21] .
The embryo culture medium (IVCM) was similar to mSOF described above except for supplementation with 1 or 5% heat-inactivated fetal calf serum (FCS; 6B2051; JRH Biosciences, Lenexa, KS, USA) with no PVA and hormones.
Collection and fractionation of bFF
Ovaries were collected at a local slaughterhouse from Japanese Black cattle regardless of the stage of the estrous cycle of the donors, and then transported to the laboratory within 3 h in saline (9 g NaCl/l) at 35 to 38 C. bFF was collected by aspiration of small follicles (2-5 mm in diameter) and was centrifuged at 300 × g for 10 min at room temperature followed by further centrifugation at 100,000 × g for 30 min at 4 C to remove all cellular debris. Then, 10 ml of supernatant, designated as whole bFF (wFF), was applied to a heparin affinity column (HiTrap Heparin, bed volume of 5 ml; Pharmacia Biotech.,Uppsala, Sweden) previously equilibrated with 20 mM Tris-HCl, pH 7.4. The column was washed with 90 ml of equilibration buffer, and the bound materials were eluted with 70 ml of the same buffer containing 2M NaCl (fraction size: 7 ml). Absorbance was monitored at 280 nm (Fig. 1) . Fractions that passed through the column (fraction 1-10) and those that bound to the heparin gel (fraction 14-18) were pooled, respectively, dialyzed extensively with a dialysis membrane (Spectra/Por CE Membrane: molecular weight cut off 1,000 Da; Spectrum, Houston, TX, USA) against 5 l of 1mM NH4HCO3 buffer for 3 days with 6 changes of buffer, and then lyophilized. Each lyophilisate was resuspended in 5 ml of mSOF, which was comparable to a half volume of bFF, applied to the column, and then centrifuged at 100,000 × g for 30 min at 4 C to discard insoluble materials followed by sterilization with filtration (Millex-GV, 0.22 µm Pore Size; Millipore, New Bedford, MA, USA). Heparin-binding andnonbinding fractions were designated tentatively as HBF and HNF, respectively. The same procedures were performed twice (shown in Fig.  1I and II) using different batches of ovaries (N = 15) obtained at different dates and the samples obtained from I and II were used for experiments 1 and 2 (see Experimental Design), respectively. All samples were stored at 80 C until use.
IVM
Ovaries were obtained according to the method described above. Cumulus-oocyte-complexes (COCs) were aspirated from 2 to 5 mm follicles. The oocytes with homogeneous and evenly granulated cytoplasm, which were surrounded by an intact cumulus mass were selected. Groups of 8 to 12 COCs were transferred to 50 µl drops of medium for IVM covered with paraffin oil and cultured for 24 h at 39 C in 5% CO 2 in air.
IVF and IVC
Two straws (0.5 ml/straw) of frozen bull semen were thawed quickly in a water bath at 38 C. Spermatozoa were washed twice with BO-1 by centrifugation at 500 × g for 3 min. Sperm pellets were resuspended at a concentration of 4 to 5 × 10 6 sperm/ml in BO-2. The sperm suspension in 100 µl drop was placed onto plastic dish (Nunc, Roskilde, Denmark), covered with pre-equilibrated paraffin oil, and incubated for 40 min at 39 C under 5% CO2 in air before insemination. Presumptive matured oocytes surrounded by cumulus cells were placed in 100 µl of sperm suspension. Gametes were coincubated for 6 h at 39 C under 5% CO 2 in air.
After 6 h, presumptive zygotes were freed from cumulus cells by repeated pipetting through a fine bored pipette and transferred into 50 µl drops of IVCM containing 1% FCS and cultured at 39 C under 5% CO 2 , 5% O 2 and 90% N 2 . At 48 h postinsemination, the morphologically normal cleaved embryos were transferred to newly prepared IVCM containing 5% FCS and then cultured until Day 8 of culture (fertilization = Day 0) at 39 C under 5% CO2, 5% O2 and 90% N2.
Experimental design
In each experiment, treatments were present only during the IVM period.
Experiment 1 -Effects of wFF, HBF and HNF: The experiments were designed to examine the effects of wFF, and two fractions of bFF (HBF and H N F ) s e p a r a t e d b y h e p a r i n a f f i n i t y chromatography on nuclear maturation, postfertilization cleavage and blastocyst yield of oocytes.
COCs were matured in mSOF supplemented with or without (control) wFF, HBF or HNF at a concentration of 10% (v/v).
To evaluate the nuclear maturation rates, 24h after commencement of IVM, some oocytes freed from cumulus cells by pipetting were fixed with ethanol-acetic acid (3:1), stained with 1% orcein and observed under a phase contrast microscope (× 400). Nuclear maturation was assumed by both the presence of contracted metaphase II chromosomes and smaller polar body chromosomes. The nuclear maturation rates were evaluated in 4 replicates with a total of 180 oocytes.
The cleavage rates were assessed on Day 2 of IVC (48 h postinsemination). On Day 8 of IVC, the percentages of embryos that reached the blastocyst stage were recorded.
For assessment of postfertilization development, a total of 487 oocytes were tested in 4 replicates.
Experiment 2 -Effects of various dosages of HBF and HNF: The experiments were designed to examine the dose-response effects of HBF and HNF on developmental competence of oocytes in terms of cleavage rate and blastocyst yield. COCs were matured in mSOF supplemented with or without (control) HBF or HNF at concentrations of 10, 20 and 40% (v/v) for 24 h at 39 C under 5% CO2 in air. All treatments were replicated five times except the control (ten times). Postfertilization development was assessed in terms of cleavage rate and blastocyst yield according to the method described above.
Statistical analysis
Data are presented as percentages of oocytes in each treatment group. The statistical significance between the control and each treatment was detected by Fisher's exact method. A p value <0.05 was considered significant.
Results
Experiment 1
The nuclear maturation rates and postfertilization development of oocytes matured in mSOF containing wFF, HBF or HNF at a concentration of 10% (v/v) are shown in Fig. 2 . The nuclear maturation rates in wFF, HBF and HNF treatments (69.8, 75.6 and 63.6%, respectively) were not different from that of the control (72.9%) (Fig. 2A) .
While the cleavage rate (65.6%) of oocytes matured in mSOF containing wFF was equivalent to that of the control (66.4%), HBF treatment increased the cleavage rate (72.8%), although the effect was not significant compared with the control. On the other hand, HNF treatment significantly decreased the rate (52.4%; p=0.04) (Fig.  2B) .
The development to the blastocyst stage per tested oocyte is shown in Fig. 2C . Although the blastocyst formation rate in wFF treatment (22.1%) was similar to that in the control (19.0%), the rate was increased, although not significantly, in the HBF treatment group (27.2%), whereas HNF treatment significantly decreased the rate (8.1%; p=0.01). The blastocyst yield per cleaved embryo was also highest in the HBF (33.8%) and lowest in the HNF group (15.4%) (Fig. 2D) .
Experiment 2
Since in experiment 1 it was shown that at a concentration of 10% (v/v) HBF treatment had favorable effects but HNF treatment had inhibitory effects on postfertilization development compared with wFF treatment and the control, further experiments were conducted to examine whether their effects would become more evident by higher dose supplementation (20 and 40%, v/v).
As shown in Fig. 3A , the cleavage rates were significantly higher with each concentration of HBF treatment (80.5, 86.2 and 85.8%; p=0.0071, <0.0001 and <0.0001 for 10, 20 and 40% HBF,respectively) than in the control (70.1%). On the other hand, HNF treatment dose-dependently decreased the cleavage rates (65.3, 41.6 and 26.7% for 10, 20 and 40% HNF, respectively), and treatment with 20% and 40% HNF resulted in significant (p<0.0001) reduction of cleavage rate compared with the control.
As shown in Fig. 3B , the blastocyst formation rates in 10 to 40% HBF treatment groups increased (31.1, 34.0 and 44.2% for 10, 20 and 40% HBF, respectively) and were significantly (p=0.03, 0.003 and <0.0001 for 10, 20 and 40% HBF, respectively) higher than that in the control (22.4%), whereas 20 and 40% HNF treatment markedly decreased the blastocyst yield (9.5 and 7.3% for 20 and 40% HNF, respectively). However, the blastocyst yield in the 10% HNF treatment group (19.5%) was not different from that of the control.
The blastocyst yields from the cleaved embryos are shown in Fig. 3C . Treatment with 40% HBF resulted in a significant increase in the yield (51.5%; p<0.0001) compared with the control (31.9%). The yields in 10 and 20% HBF treatment groups (38.6 and 39.5% for 20 and 40% HBF, respectively) were higher than that of the control (31.9%) although these differences were not significant.
Discussion
In the present study, we separated bFF collected from slaughterhouse ovaries into heparin-binding fraction (HBF) and -nonbinding fraction (HNF) by heparin affinity chromatography to derive the activities involved in promotion of developmental competence of oocytes from the bFF. As shown in Fig. 2 , HBF added to the chemically defined IVM medium at 10% (v/v) did not affect nuclear maturation, but showed a slight favorable effect on postfertilization cleavage and blastocyst development. In contrast, HNF at 10% (v/v) added to IVM medium showed an inhibitory effect on postfertilization development. We next examined the effects of supplementation of increased concentrations of each fraction separated by heparin affinity chromatography from different batches of bFF. As shown in Fig. 3 , HBF at concentrations of 10 to 40% promoted the cleavage of oocytes, and moreover significant increase of developmental rate of the cleaved embryos to the blastocyst stage was found in oocytes treated with 40% HBF compared to the control. This indicates that HBF has an ability to promote developmental competence of bovine oocytes beyond early cleavage stage. On the other hand, in the treatments of oocytes with 20 and 40% HNF, the cleavage of oocytes was inhibited, whereas inconsistent with the results shown in Fig. 2 , the blastocyst yield from cleaved embryos was similar to that of the control. Therefore, the inhibitory effect of HNF on developmental competence beyond early cleavage stage remains to be obscure. HBF and HNF at any concentration had no appreciable effects on the rates of nuclear maturation and pronucleus formation (data not shown).
It has been suggested that FF contains not only positive but also negative factors for oocyte maturation, and the proportions of these factors undergo marked changes with follicle status [22] [23] [24] . Recent studies have shown that the efficacy of FF as a supplement to IVM medium to improve developmental competence varies with its origin classified on the basis of criteria such as follicular size [9, 25] , follicular quality [26] , ages of donors [27] , lapse after LH surge [24] . Sirard et al. concluded that the differences in FF efficacy might reflect difficulties in using pooled FF of undefined origin [25] .
In typical IVM protocols, ovaries obtained from unidentified slaughterhouse cows have been used and it is therefore difficult to precisely characterize follicular status such as estrous stage of donors, degree of follicular atresia etc.. Thus, when pooled FF from slaughterhouse ovaries are used as a supplement, procedures to derive positive substance(s) from the FF seem to be required. Yoshida et al. [28] reported that addition of pig FF fractions separated by a combination of ultrafiltration, gel filtration and ion-exchange chromatography to IVM medium significantly increased the rates of nuclear maturation, normal fertilization and cleavage of pig oocytes, and this active factor(s) appeared to be an acidic substance(s) with a molecular mass of 10-200 kDa. Daen et al. [29] separated pooled porcine FF into four fractions by ultracentrifugation, and found the active fraction that promotes cumulus expansion and male pronucleus formation of porcine oocytes. They also reported that the active factor, at least for cumulus expansion, is heat-stable with a molecular mass of less than 6.5 kDa. There have been few reports of the use of bFF fractions to improve the IVM system of bovine oocytes. The present study indicated that heparin affinity chromatography is an effective method to derive active factor(s) in bFF for promoting developmental competence of bovine oocytes. Kim et al. [30] previously reported that supplementation of 10-30%(v/v) pooled bFF into IVM medium had no effect on developmental rates to the blastocyst stage, similarly to the present results (Fig. 2) , whereas addition of 60% bFF had inhibitory effects. In contrast to these effects of pooled bFF, in the present study, the positive effects of HBF increased in a dose-dependent manner up to 40% addition.
A variety of peptide growth factors including members of the transforming growth factor α (TGF-α) family including epidermal growth factor (EGF) [10] , transforming growth factor β (TGF-β) family including activin [11] and inhibin [12] , fibroblast growth factors (FGFs) [13] , and insulin-like growth factor I [14, 15] and II [15] (IGF-I and II) have been demonstrated to be present in FF. Among these growth factors, EGF [31, 32] , TGF-α [31] , IGF-I [33, 34] , activin [35, 36] and inhibin [35] have been reported to have beneficial effects on developmental competence of bovine oocytes. Particularly, EGF has been regarded as of major importance in oocyte maturation also in other species (mouse [37, 38] ; rat [39] ; pig [40, 41] ; human [37] ). However, Khatir et al. [27] pointed out that the maturation-promoting activity of bFF cannot be completely explained by the presence of EGF, since calf oocytes could respond to EGF but not to the FF that had a beneficial effect on developmental competence of cow oocytes, suggesting that another as yet unidentified growth factor could be involved.
EGF, IGF-I, activin and inhibin, which have been reported to promote developmental competence of oocytes, have no affinity for heparin. Thus, it seems likely that the effects of these proteins, which appeared to be included in the heparin-nonbinding fraction (HNF) of bFF, were blocked by antagonists such as TGF-β [31, 42] and follistatin [36] and/or detrimental substance(s) in the same fraction. Basic FGF (bFGF), the major heparin binding growth factor, has been shown not to have favorable effects on developmental competence of oocytes when added to IVM medium [31] . Therefore, considering the results of the present study, there seems to be other active factor(s) in the heparin-binding fraction (HBF) of bFF.
In addition, the favorable effects of HBF might be partially attributable to the elimination of antagonistic factors and/or detrimental substances mentioned above from pooled bFF on the basis of the strength of affinity for heparin. Further studies are needed to identify the positive and negative factor(s) in bFF responsible for the regulation of full maturation, including nuclear and cytoplasmic maturation of bovine oocytes.
